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23 Abstract

24 We present the collective evaluation of the regional scale models that took part in the fourth edition of the
25  Air Quality ModeI?EvaIuation International Initiative (AQMEII). The activity consists of the evaluation and
26  intercomparison of regional scale air quality models run over North American (NA) and European (EU)
27 domains in 2016 (NA) and 2010 (EU). The focus of the paper is ozoneQdeposition.QThe collective consists in
28  an operational evaluation (Dennis et al., 2010, namely a direct comparison of model-simulated predictions
29  with monitoring data aiming at assessing model performance. Following the AQMEII protocol and Dennis
30 et al. (2010), we also perform a probabilistic evaluation in the form of ensemble analyses and an
31 introductory diagnostic evaluation. The latter, analyses the role of dry deposition in comparison with
32 dynamic and radiative processes and land-use/land-cover types (LULC), in determining surface ozone
33  variability. Important differences are found%cross deposition results when the same LULC is considered.
34 Furthermore, we found that models use very different LULC masks, thus introducing an additional level of
35 diversity in the model results. The study stresses that, as for other kinds of prior and problem-defining
36 information (emissions, topography or land-water masks), the choice of a LULC mask should not be at
37 model?ler’s di screti on. Furtﬂermore, LULC shoul d
38 model intercomparison, unless set as common input information. The differences in LULC selection can
39 have a substantial impact on model results, making the tastof evaluating%eposition modules across
40  different regional-scale models very difficult.

41
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1. Introduction

?
This paper presents the results of the operational and probabilistic evaluation of the

regional scale models taking part in the Air Quality Model Evaluation International Initiative phase
4 (AQMEII4) activity. As presented in Galmarini et al. (2021), the AQMEII4 focus isteposition
process modelling within regional scale models (AQMEII4-Activity 1) as well as standalone

deposition modules (AQMEII4-Activity 2) as detailed in Clifton et al., (2023).

As traditionally done in past editions of the AQMEII activity, and in agreement with the
protocol described by Dennis et al. (2010), Qprior to any detailed analysis of specific process
modelling (diagnostic evaluation), a thorough%nalysis of the overall performance of the model
Qp

must be conducted via operational and probabilistic evaluation. The scope of such an approach is

?

to verify the positioning of the models participating in AQMEII with respect to observations or any

other model simulating the case study‘?or against a multi-model ensemble (Galmarini et al. 2013).

?

Such an analysis has the scope of%ssisting the interpretation of any other detailed result in this

paper or otherqcontribution to the special issue and understanding how the different processes

?

contribute to the model spread. Examples of this approach can be found in Solazzo et al. (2012a

and b), Vautard etQaI. (2012), Im et al. (2015, 2018), Giordano et al. (2015), Brunner et al. (2015),

Qal. (2016). The q’evaluation also provides important context for the

and Kioutsioukis et
interpretation of diagnostic results —for example, the contrast in diagnostic comparisons between
models with higher and lower evaluation performance helps to identify specific processes which
may contribute to the differences (an example of this approach appears in Makar et al. (2024),

this issue, for sulphur and nitrogen deposition, and Vivanco et al. (2018)).

Since the operational and probabilistic analysis is instrumental to the interpretation of
ozone deposition-related results (the focus of the fourth edition of AQMEII), we shall concentrate
on the variables that are directly or indirectly connected to description of deposition processes
within the models: namely, atmospheric concentrations, LULC masks and meteorology. A detailed
diagnostic analysis of modelled ozone drdeeposition can be found in Hogrefe et al. (2025, this

issue).
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2. Models, domains, and years of consideration

The setup of the AQMEII4 Activity 1 is detailed in Galmarini et al. (2021). In essence, the

activity consists of running regional scale models on the North American (NA) and European (EU)

9

domains for the years (2010, 2016) and (2009, 2010) respectively. The models that took part in

AQMEII4 are listed in Table 1, where details on the institutions in charge and the cases simulated

are also provided. These models and in particular theiereposition schemes are described more?n

detail in Galmarini et al. (2021, this?ssue) and Makar et al. (2024, thisissue). Note that simulations

took place with harmonized input emissions fields; all models started with the same

?

anthropogenic, lightning NOx, and forest fire emissions inventory for North America and Europe,

respectively (Galmarini et al., Q2021), while biogenic emissions and other natural sources of

Qparticles were carried out as part of internal model processing

and should be ?considered

emissions such those of sea-salt

The analysis described here wiIIQfocus on two year-long simulations: 2016 for the NAq’case

and 2010 for the EU case. The following aspects will be considered?n detail in this paper:

e Analysis of space and/or time averaged ozone concentrations

e Analysis of seasonal, diurnal, and spatial variations of ozone (and to a lesser extent nitric
oxide, and nitrogen dioxide concentrations, in order to assist in the ozone analysis).

e Ensemble analysis of modelled ozone concentrations

e The role of variability in effective fluxes for specific pathways in determining the variability
of ozone dry deposition flux over different LULC types

e The role of variability in wind speed, mixed layer height, dry deposition, and radiation in

determining the variability of ozone concentrations at the surface.

Model values will be evaluated against ozone and precursor concentrations collected by
regional operational networks during the year in consideration. More specifically, for North
America the monitoring network databases employed included: the U.S. Environmental Protection

Agency’ s Air Q u aHttps:¥/ans.epSgpvgatis@etyyairdataddovinload files.html), the

Canadian National Air Pollution Surveillance (NAPS) program (https://www.canada.ca/en/environment-

climate-change/services/air-pollution/monitoring-networks-data/national-air-pollution-program.html),

and the Canadian National Atmospheric Chemistry database (https://www.canada.ca/en/environment-

climate-change/services/air-pollution/monitoring-networks-data/national-atmospheric-chemistry-

database.html). For the European case: the European Monitoring and Evaluation Programme

3

part of the model
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(EMEP; https://www.emep.int/), and the European Air Quality Database

https:?/eeadmz1-cws-wp-airOZ-dev.azurewebsites.net/download-data/).

)
111 Given the continental dimension of the two regional domains simulated under AQMEII-4, the

112  latter have been divided into sub-regional domains for analysis. These group portions of the
113  network that share common features such as atmospheric circulation and possible sources of
114  ozone precursors, and also provide continuity with past AQMEII model evaluation phases (Solazzo

115 etal.2012a and b).

116 Figure 1 shows the sub-regions selected within the two modelling domains, the corresponding
117  sampling sites and the yearly average measured ozone (a and b). As noted by Solazzo et al (2012a),
118 from the distributions of the pollutants, it is easy to identify the reason for those specific divisions
119  in subdomains. In North America, a longitudinal divide is present between western (R1), central
120 (R2) and eastern parts of the continent while the latter also requires a latitudinal division in two
121 s mal |l er subdomains (R3 and R4) due to the
122  consequent ozone formation potentials. In Europe, the spatial distribution of emitters is different
123  from North America and has greater activity density. There exist areas that require specific
124  attention being almost decoupled from the rest of the continental air shed. These are typically the
125 Iberian Peninsula and southern Mediterranean basin (R4), the Po Valley (R3) and Eastern Europe
126  (R2). These NA and EU analysis sub regions were first defined in Solazzo et al (2012a), though with
127  lesser detail and have been used in subsequent AQMEII analyses (e.g., Hogrefe et al., 2018) with
128  different subdivisions but with the same goal of identifying regions with more homogeneous
129  chemical potentials. For the sake of synthesis and in the absence of direct measurement of ozone
130 deposition, this paper will concentrate exclusively on the model performance with respect to
131  ozone concentrations with a few references to nitrogen oxides to give a more comprehensive

132  sense of the quality of the performance of the individual models and the ensemble.

133

134 3. Operational evaluation
135 3.1 Ozone surface air concentrations

136 The model performances at continental level and for the whole year are presented in
137  Figure 2-6. For the two continents, the Root Mean Square Error (RMSE) and Mean Bias (MB) are
138 computed from hourly ozone values for the entire year and are shown for each model in Figure 2-

139 6 and Figure 7 for North America, and Figure 8, Figure 9 for Europe. Figure 10 shows the spatial

4
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for the NA case (and in particular, for two models, namely NA7 (WRF-Chem (UPM)) and NA8 (WRF-

Chem (NCAR))) appears to be larger than the EU case. Note that, since ozone values are reported
in ppb over NA and ug/m3 over EU, the range of%he colour scales over both continents has been
set such that the same colours represent the same absolute errors (note the difference in the
numerical values for the colour bars for these figures), to account for unit differences and allow
forQa visual comparison between continents. Most differences from the observations are found in
the eastern and south-eastern parts of the NA domain. As can be evinced from the Figure 2-5,
three groups of behaviours can beQdistinguished for the NA case. Relative to the rest of the models,
NA1, NA2, NA3 and NAS%respectiver WRF/CMAQ (M3Dry), WRF/CMAQ (STAGE), GEM-MACH
(Base), GEM-MACH (Ops))Qshow low RMSE values and comparable behaviours. NA4 (GEM-MACH
(zhang)) and NA6 (WRF-Chem (RIFS)) show slightly higher errors in the mid to east coast part of
the domain whereas NAﬁWRF-Chem (UPM)) and NA8 (WRF-Chem (NCAR)) show markedly higher

Qeastern part of the domain and along the west coast. Looking at the biases

Qpresented above is confirmed with some nuances though. In fact, we can

errors in the mid to

(Figure 3), the analysis

)

see that the grouping can be more refined. A first group is made of the two EPA models NA1 and

NA2 (WRF/CMAQ%MSDry) and WRF/CMAQ (STAGE)) with a widespread overestimation across the

9and NAS5 (GEM-MACH (Base) and GEM-MACH (Ops)) produce the smallest biases

continent. NA3
of the group (see%lso Figure 3 and with a clearer West-East regional separation compared to NA1
and NA2. FinaIIy,QNA4, NA6, NA7 and NA8 (GEM-MACH (Zhang), WRF-Chem (RIFS), WRF-Chem
(UPM), WRF-ChemQ(NCAR)) have larger biases, with NA8 having the largest mean bias (MB) of all
(Figure 4). Thisvanalysis can also help to distinguish the impacts of differentvdeposition modules
from the impacts ondifferences in other aspects of the model on simulated ozone. For example,
WRF/CMAQ (M3Dry)9and WRF/CMAQ (STAGE) differ only in their dry deposition modules, and the

9these two simulations are generally smaller than their differences relative to

9WRF-Chem simulations. On the other hand, theQdeposition scheme has an

differences between
the GEM-MACH and

9when we look at NA4 (GEM-MACH (Zhang)) vs. NA3 (GEM-MACH (Base)). These

important effect
two models share?che same regional scale system but use a differentvdeposition scheme. The effect
of the Qdeposition scheme on the ozone concentration is quite remarkable. Recent work
emphasizes a substantial effect onthe magnitude of deposition velocity on ozone concentration
(e.g. Baublitz et al. 2020; Wong et al., 2019; Clifton et al., 2020b), and%che results are consistent

with those in Clifton et al. (2023) where the individual deposition module performances were

evaluated (see discussion below), where larger differences were noted between the Zhang and
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135 
3. Operational evaluation 
136 
3.1 Ozone and nitrogen oxides surface air concentrations 
137 
3.1.1 NA case 
138 
The  model  performances  at  continental  level  and  for  the  whole  year  are  presented  in
139 
Figure 2-6. For the two continents, the Root Mean Square Error (RMSE) and Mean Bias (MB) are
140 
computed from hourly ozone values for the entire year and are shown for each model in Figure 2-
 
 
141       3 North America, and Figure 4, Figure 5 for Europe. Figure 6 shows the spatially averaged results  142       presented in Figures 2 through 5 as box plot diagrams. In general, RMSE for the NA case (and in 
143 
particular, for two models, namely NA7 (WRF-Chem (UPM)) and NA8 (WRF-Chem (NCAR)) appears
144 
to be larger than the EU case. Note that, since ozone values are reported in ppb over NA and
145 
ug/m3 over EU, the range of the colour scales over both continents has been set such that the
146 
same colours represent the same absolute errors (note the difference in the numerical values for
147 
the colour bars for these figures), to account for unit differences and allow for a visual comparison
148 
between continents. Most differences from the observations are found in the eastern and south-
 
 
 
 
 
149       eastern  parts  of  the  NA  domain.  As  from  Figure  2-5,  three  groups  of  behaviours  can  be 
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Base

Comparing NA3 (GEM-MACH (Base)) to NA5 (GEM-MACH (Ops)) reveals the impacts of model
175  configuration and science option choices other than dry deposition, since both simulations use the
176  Wesely scheme but differ in a number of other modelling aspects, as described in more detail in
177  Makar et al. (2024). The relatively low MB for models NA3 and NAS5 reflect two different
178 approaches towards reducing ozone biases employed in the two different configurations onthe
179 model, with NA3 making use of a canopy shading and turbulence scheme (Makar et al., 2017),9and

? ?

180 the NA5 scheme making use of an operational configuration in ' which emitted area-source species

181 areQmixed uniformly into the first two model layers rather than input as a flux boundary condition.

)

182  The effects of model configuration choices are also evident in the results of the three remaining

183 models (WRF-Chem (RIFS), WRF-Chem (UPM), and WRF-Chem Q(NCAR)) that share the same

?

184  deposition model and overall model code but utilize different configuration options. These

185 simulations show a consistent overestimation that cannot be%ttributed clearly to one factor (see

q’respect to three different WRF-Chem

186 also Figure 5). The three implementations are also with
187  version numbers (3.9.1, 4.0.3 and 4.1.2 respectively); the former use the Grell and Devenyi (2002)
188 cumulus parameterization, the latter the Grell and Freitas (2014) parameterization, while both
189  WRF-Chem (RIFS) and WRF-Chem (UCAR) employ the same gas—phase mechanism (Emmons et
190 al., 2010), while that of WRF-Chem (UPM) differs from the other two models. The relatively minor
191 differences between WRF-Chem (UPM) and WRF-Chem (UCAR)Qmay thus reflect differences in the

192 gassphase chemistry (with the former’s mechani
193 and the larger differences with the RIFS implementation reflecting differing cloud amounts and
194  hence differing photolysis rates within ththwo implementations. The large overestimation of
195 ozone by the WRF-Chem (UCAR) configuration may thus be linked to the underestimated
196  precipitation in this model reported elsewhere (e.g. Makar et al. 2024), which also implies smaller

197 cloud amounts and stronger solar radiation.

198 In Figures 4 and 5, RMSE and MB in Europe are presented, respectively. The errors have
199 more a hot-spot character that is mainly evident in the southern part of the domain and therein
200  at well-recognized critical regions like the Po Valley in the north of Italy, Greece and the Iberian
201  Peninsula. This result is confirmed in the MB plots that also show EU3 (LOTOS/EUROS) as the best-
202  performing model of the four though in many cases underestimating ozone concentration levels.
203  As for the rest of the domain, smaller RMSE values can be noticed throughout the region for all

204 models with the only exception of EU1 (WRF/Chem (RIFS)) and EU4 (WRF/CMAQ (STAGE)) that
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show comparatively larger errors, especially in the southern and

respectively. This behaviour of EU1 and EU4 may be associatedeith the lower predicted NO; and
207 NO concentration for all European sub-regions (see Fig. S4) which in turn may result in positive
208  biases in ozone if the lower NOy is resulting in reductions in the NOx titration of ozone at night.
209 This effect is apparently exacerbated in the Po Valley area, which is known for high NOx emission
210 levels. The observational sites in the Scandinavian Peninsula are mainly from the EMEP network
211 which is representative of the remote background whereas the AirBase network rural background

212 sites are more prone to local sources of pollution.

%he EU4

213  Inthis case, a model implementation/user effect can be an element of consideration since
214  is the same model that is used by EPA in the NA case (NA2), but in this instance run by the
215  University of Hertfordshire. In the implementation of EU4, the primary differences lie in the
216  meteorological model and the MEGAN biogenic emissions input. These variations in
217  meteorological drivers and biogenic emissions can introduce differences, potentially contributing
218 to the observed model biases when compared to other implementations of the same model.
219  However, it should also be noted that the CMAQ simulations in North American (models NA1, NA2,
220  Figure 3) also show positive biases, particularly along the US eastern seaboard. As noted above in
221  the discussion on models NA3 versus NA5, one possible cause for these¢biases may relate to the
222  extent to which shading and turbulence within the forest canopy is accounted for in these models.
223  The NA3 forest canopy parameterization mentioned above (Makar et al., 2017) is being ported to
224  the CMAQ model in other work (Campbell et al., 2021,9Wang et al., 2005); the reduced turbulence
225 and reduced photolysis rates below forest canopies have been shown to result in increases in
226  surface level NOx concentrations, and an extension of the diurnal NOx titration effect further into
227  the daylight hours, significantly reducing surface ozone concentrations. Many of the regions with
228 the highest ozone biases in models EU1, EU2 and EU4 correspond to areas with high forest canopy
229 and leaf area index values, as does the eastern seaboard onthe USA and Canada, and the negative
230 biases in EU1 and EU4 for NO and NO; are consistent with the absence of the more realistic

231  reduction in thermal diffusivity coefficients and photolysis rates expected under forest canopies

232 (Makar et al., 2017).

233 From the analysis of NO, NO; and O3 Normalised Root Mean Square Error vs Mean Bias in
234  the soccer p|OtSQOf Figure S1 ithhe Supplementary Material (SM, from now on) for the two
235  continents, we notice that the two precursors to ozone show an error smaller than 15% for most

236  models. For the NA case, the ozone soccer plots confirm the grouping of the results qualitatively
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4 Qderived from the regional analysis of Figure 2. Figure 6 shows that GEM-MACH
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Fnodels NA3 Q&

NAS5 have the bias values closest to zero, followed by CMAQ (NA1 and NA2),QwhiIe CMAQ has the

lowest RMSE values, closely followed by the GEM-MACH NA3 and NAS?mpIementations. Four

9

models show small error (<15%), two with medium (>15% and <20%) and two with high (>20%).

The ozone goal plots for the EU (Figure S1) show a statistical tendency tonroduce smaller errors

)

than the NA case and in particular more coherence between the errors for ozone and its

precursors.

The Taylor diagram depicted in Figure S2 in the SM also evaluates the correlation between
simulated and observed ozone values. The results show a higher correlation of model predictions
with observations in the EU case while the other statistical parameters in the diagram confirm
what has been presented in the other plots. The multi model ensemble (MME) is also presented
for the two cases, showing in both instances an improved performance with respect to the

individual model simulations.

Figure 7 shows a comparison of observed and modelled seasonal and diurnal cycles for

?

ozone, NO and NO;. These cycles were constructed by averaging the underlying raw hourly data

available for the entire year over a given month-of-year or hour-of-day, respectively. At the

monthly level, the figure clearly shows that for ozone in NA, almost all models over-estimate the

9

concentration during summer. The multi-model mean fails to reproduce the ‘ozone maximum in

April by overshooting by approximately 3 ppb and presenting a maximum in June. This result is

driven by 4 out of 8 models (NA4 (GEM-MACH (Zhang)), NA6 (WRF-Chem (RIFS)), NA7 (WRF-Chem

q::oncentration, two

?reproduce very

(UPM)) and NA8(WRF-Chem (NCAR))). Although slightly overestimating the
models (NA3 (GEM-MACH (Base)), and NA5 (GEM-MACH (Ops))) manage to
accurately the seasonal evolution. NA1 and NA2 (WRF/CMAQ (M3Dry) andQWRF/CMAQ (STAGE))

)

capture the trend and seasonality and just slightly overestimate the ozone peak value.

The tendency for overestimating ozone concentration and underestimating NO is also clear
from Figure 7 (for NA) and Figure 8(for EU). Figure 7’s diurnal variation panels (right hand column)
in particular show that the models NA3 and NA5 have the closest values to observations for O3,
NO and NO;, though all models underestimate the NOy totals. This is especially evident for NO
and NO; in the mid-day hours (10 to 18 local time), when the simulated NO and NO; values are
the closest in the ensemble to the observations. The monthly variation panels (Figure 7 left

?

column) show that the relative impact of the NOx underestimates is smaller in the summer than

?

in the winter, and 'models NA3 and NAS5 have the closest NO values to observations and slightly

8
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295

overestimate NO2 in the summer. Model NA3 incIudesQforest canopy shading effects whichr"red,,

vertical turbulence, increase NOx levels, and decrease photolysis rates below the forest canopy.
Model NA3 also includes the effects of vehicle—inducedqturbulence on NOx emissions from vehicles

)

(Makar et al., 2021), an effect which results in more efficient dispersion of these emissions out of

the surface layer. Model NA5 assumes the areaQemissions of NOy are evenly and instantaneously
distributed over the first two vertical levels onthe model rather than incorporating these emissions
as a flux boundary condition on the diffusionQequation. At least some of the superior performance
for NA3 and NA5 may thus be related to the more rapid rate at which emitted NO and NO; are
transported upwards out oftheQmodeI surface, as well as (model NA3) the use of the forest canopy
shading parameterization. The ozone?deposition velocityvused in NA3 and NAS5 versus that of NA4
is also a driver for the differences between these models,qas noted in Clifton et al. (2023), which

?

noted that NA3 and NA5 shared a scheme which significantly ‘overestimated ozoneqdeposition

velocities relative to observations in the summer whileqproviding reasonable estimates during the

9Iittle seasonal variation (tending to be flat

winter, while the Zhang scheme, used in NA4, showed
over time, with overestimates during winter, underestimates during summer). It is of note that
the models that reproduce the seasonal evolution of ozone most accurately during summer when
the rest of the models struggle, have the deposition schemes with the largest positive biases in
summertime ozone deposition velocity and the greatest seasonal amplitude (Clifton et al. 2023).
This implies (1) that the factors affecting the ozone concentrations have a strong seasonal
dependence (models NA4 versus NA3 and NA5), (2) and that while one means of helping achieve
that seasonal dependence is through an overestimation of the ozone deposition velocity relative
to observations (models NA3 and NAS5), (3) other seasonally dependent process improvements
than deposition velocity are required to better simulate ozone (given that the other models
considered here which incorporate more accurate ozone deposition schemes, relative to the
observations in Clifton et al. (2023) also have high positive biases in parts of NA and EU (Figure 3

and Figure 5). The forest canopy parameterization of Makar et al. (2017) is one such possible

means of code improvement?, in that the associated decreases in near-surface coefficients of

1 We note that subsequent investigation at ECCC of the GEM—MACH%eposition algorithm described in Makar et al.
(2018), following the results published in Clifton et al (2023) identified two key errors added to the code in the
version subsequent to the code version used in Makar et al (2017). Specifically, the cuticle resistance formula
(Makar et al, 2018 equation S.8, Clifton et al (2023) equation (42) made use of Zhang et al (2002) dry cuticle
resistance coefficients (rcuti, rlu) which should not have been scaled by inverse leaf area index, and made use of
Zhang et al (2002) coefficients for the lower canopy resistance (Makar et al, 2018 equation (S.2), Clifton et al 2023
equation (44) which did not include the required scaling of the coefficients by (LAI*0.25)/(u*)*2. Subsequent to
these corrections, a much closer fit to the observations in Clifton et al. (2023) was achieved. (K. Toyota, A.
Robichaud, personal communication, 2024).
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highly dependent on seasonality for deciduous forests. The other consideration worth examining
298 is the ql’nterdependence between model cloud cover and surface photolysis rates, given the
299 variationvbetween NA WRF-Chem models NA6, NA7, and NA8, where the largest differences in

300 ozonerositive bias correspond to the use of differing cloud parameterizations.

301 For NO and NO;, the models show seasonal cycles which differ between the models (Figure
302 7, Figure 8, left-hand columns) versus the observations and between the NA and EU observations.
303 Observed NA ozone peaks in April (month 4, Figure 7 upper left panel), while observed EU ozone
304 peakin July (month 7, Figure 8 upper left panel). As noted above, models NA1, NA2, NA3, and
305 NAGS all capture the NA Os seasonality (CQMAQ and Base and Ops GEM-MACH configurations) while
306 the WRF-Chem models predict a late summer peak, similar to observations in EU. All models tend
307 to overestimate compared to observed ozone concentrations (exceptions: NA3 and NAS in April
308 and May, Figure 7, EU2 and EU3 from November to April). All models underestimate wintertime
309 NOx (though NA models NA1, NA2, NA3, NA5, and NA7 have close NO; performance to
310 observations from July through October, Figure 7), and EU3 NO values closely match observations,
311  while EU2 NO; is biased high relative to observations. All NA models have significant (factor of
312 two or more) negative biases in NO, and the largest seasonal NO2 negative biases in winter. As a
313 consequence, all NA models strongly underestimatevthe amplitude of%he observed seasonal cycle.
314  Figure 8 also shows that the models with the smallest NO and NO; biases (EU2 (WRF-Chem (UPM))
315 and EU3 (LOTOS/EUROS)) do quite well for O3, NO and NOy), and the EU NO and NO; biases for
316  these models are in general much smaller than the NA model biases. At the diurnal level (Figure
317 7, Figure 8 right panels) the results are consistent with what is found at the seasonal level in terms
318  of over- or underestimations. At the diurnal level, EU2 outperforms the others showing a good

319  capacity of catching the average time evolution of the three pollutants.

320 One overall conclusion from the comparisons with observations for NO, NO; and O3 is that
321  the models which most closely match NO and NO; (EU2, EU3) also have the best performance for
322 03, that those models with negative biases for NO and NO; also have positive biases for Oz, and
323 that the magnitude of the NOx negative biases is inversely proportional to the magnitude of the
34 Ospositive biases, for all model s. The rel at
325 NOx (i.e. NO) tends to be underestimated, with the exception of model EU3 (LOTOS/EURQS).
326  These results all point towards excessive vertical mixing of fresh NO emissions up from the lowest

327 model layer as a root cause of the model biases in the other models. The reasons for this

10
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conclusion are:KP(l) the relative fraction of NOx that is NO will be highest in air dominated by fr %@ o
emissions;\?(Z) the relationship between positive ozone biases and negative NO biases indicates|
that the ozone\?ﬁiases are due to insufficient NO titration;\?(3) the effect is exacerbated in winter in

all NA models and some EU models - a time when the\%tmosphere tends to be more stable, and|

photolysis rates in the northern hemisphere are Iow,\?both conditions which favour NOy titration. i
A secondary cause may be missing NO emissions in the wintertime, though this seems less likely|
due to the relatively high confidence in mobile emissions and stack\%/vhich dominate the\?NOx|
emissions totals, and the relatively good performance of EU3 relative to the other EU models\%/vhen|

making use of the same emissions inventory.

44  WRF/CMAQ (STAGE)) is consistent with the findings of Appel et al.9(2021). It is also worth noting

w

345 that all of the NA models (Figure 9) overestimate Os in the period from July through September in
346  regions R2, R3, R4; an observed effect largely absent in the EU models (Figure 10). These regional
347  differences will be instrumental to the analysis of%eposition processes.%he same behaviour

observed in sub regions is found at both the seasonal and hourly level. FromKPf:igure 10 we can see

the situation in Europe, which lacks the large positive biases in the NA\%imuIations.
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and every participating modelling group was requested to determine the combination of all

361 relevant resistances accounted for in their systems, necessary to produce the effective
362  conductances requested. The definitions of the effective conductances, the deposition modelling
363  approaches and the detailed formulation of effective fluxes for each model are presented in
364  Galmarini et al. (2021, this issue). Because effective conductances and ozone concentrations can
365  co-vary on daily timescales, it was important to archive high-frequency effective fluxes; for this
366 same reason, conclusions about drivers of variations in effective quxes\PFnay be distinct from those
367 regarding effective conductances. The analysis of effective and total\‘%luxes is performed only for

%he common LULC

368 the grid cells in where all models share the same LULC (for details on'
369 classifications see Galmarini et al. (2021, this issue)). By restricting the analysis\“%o locations sharing
370  the same characteristics of land use across models, we reduce the impact of\Pl;ULC variability on
371  the resulting analysis, thus allowing us to compare only the response of models\%o the different
372  deposition schemes employed for a given LULC. We present model results at\?érid cells that are

kells, EU: 2531

373  covered by at least 85% of respectively, Evergreen Needleleaf Forest (NA: 1544
374  cells), Deciduous Broadleaf Forest (NA: 581 cells), Mixed Forest (705 cells), Planted-Cultivated (NA:
375 6130 cells, EU: 6108 cells), and Urban (32 cells) LU

376 Receptor case that <corr espondsat\'Ehesurfademthegr i d
377  two continents (NA 1551 cells, EU 1656) independently from the underlying‘?LULC type, which can

378 therefore be different from model to model.

379 An important finding is already obtained by simply imposing\efhe selection criterion
380 described above to the data analysed. As can be noted, very few grid cells with the same dominant

%he fact that

381  LULCtype are shared by all models for the same continent. This is a clear indication of
382  individual LULC masks, employed in the models, were obtained from substantially different
383  sources (Table 1). This raises a significant issue with the generation of models examined in
384  AQMEII-4 - whether it is acceptable that the characterisation of the land surface differs so much,
385  when the various masks should be in principle very comparable and given the fact that more
386 recent sources of this information with a high degree of spatial resolution are available. More

387  discussion may be found in Section 5 and in our companion paper (Hogrefe et al., 2025, under

388  review for this issue).

389 Figures S5 and S6 show seasonal cycles of the total ozone deposition flux and its

390" decomposition into the three different effective fluxes. The pathways represented by these
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since some models did not distinguish these two terms, (2) cuticular conductance (CUT) and (3)

stomatal conductance (ST).
The following features can be appreciated across the model results:

e The magnitude peak of the ozone flux varies considerably from model to model in some
cases (NA8) being almost twice that of others (NA4) for the monthly average.

e Typically, the flux is highest during summer and lowest during winter. In some cases, some
fluxes show nearly constant values throughout the summer season (NA2, NA3, NA5 and\“PNA7).
In others, there is a stronger midsummer peak (NA1, NA4, NA6) in July or August.\‘?f\lAS
shows a double peak shape. Given the\%leposition scheme is the same in NA8 as\PNA7 and
NAS6, this suggests this double peak is either meteorologically driven, or ozone\tﬂriven.

e In the EU case more homogeneity appears between EU1 and EU2 behaviours while EU4

shows a slightly different performance at this macro level analysis at least.

The breakdown of the contributions of the specific pathways to the total ozone flux does not
appear to identify any common behaviour neither across models, nor within the same LULC type
nor\%cross time. Itis particularly notable that the relative contributions of the different pathways
vary\PfSetween models, (e.g., compare the relative magnitude of stomatal flux in NA1 and NA2,
Figure\PSS(a)). Some models employing the samé%ﬂeposition algorithm nevertheless have different
contributions associated with the different pathways (see NA3 versus NA5, which have the same
deposition algorithm, yet the soil term dominates in NA3 and the cuticle term dominates in\PNAS).
The latter reflect differences in meteorological drivers; while NA3 and NA5 have the same
deposition algorit-amar &Aad indueet éedbadck modeavdth tbes o |
aerosols modifying meteorology, and NA5S has no such feedbacks. The differences between these
implementations in part are driven by meteorological differences in the deposition velocities
themselves, as well as concentration differences arising from other model parameterizations aside

from deposition.

We note that an exception to the-cwmullte vatt enhd
where ST and LCAN+SOIL tend to dominate the flux. There is also a clear summer maximum in ST
across models (Figure S5e), but the exact seasonality of ST differs significantly between models.
LCAN+SOIL tends to have a bi-modal seasonality for this LULC type — with minima during winter

and during times of maximum ST. CUT tends to be low — with NA1 and NA2 suggesting slightly

13
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Ps/‘eason peak. T

higher values — with weak but noticeable seasonality with a broad growing\
certain extent, this pattern in seasonal variation in the different pathways and\‘%heir contribution
to the total flux also shows up for deciduous forests (Figure S5c), but less so for\‘?'CMAQ than for
the other models. In general, stomatal flux tends to drive seasonality in the ozone\%lux, as Clifton
et al. (2023) found for ozone\“‘?aeposition velocity at the individual flux sites, but\‘?éometimes there
is contributing seasonality in non-stomatal flux. The models also all differ in the \i'*elative
contributions of LCAN+SOIL, CUT, and ST, as also found by Clifton et al. (2023). For\‘?éxample,
cuticular flux is very low in some models (e.g., WRF Chem) but a dominant contributor\P(about 1/3
except over crops) in NA1 and NA2. Perhaps the primary conclusion is that model%ehaviour can
be grouped around the model type. In fact, clear similarities can be found among\PNA3 and NA5
(GEM-MACH (Base) and GEM-MACH (Ops) for several land-use types), as well as\“PNAG, NA7 and
NAS8 (WRF-Chem (RIFS), (UPM) and (NCAR) respectively). In the EU case, EU1 and}\%UZ (both WRF-
CHEM) have comparable yearly characteristics, while EU4 (WRF/CMAQ (STAGE)KPLISE‘CI by the
University of Hertfordshire) shares a similar breakdown with NA2 (WRF/CMAQ %STAGE) run by the
USA-EPA).

%asily

Although relevant for operational evaluation, the analysis in Figures S5 and S6 does not’
reveal the significance of\tﬂeposition processes and pathways in determining ozone\%/ariability

across models. Toward this end, hierarchical and variation partitions are considered in}‘?S}ection 5.

4. Probabilistic evaluation

The ensemble analysis described in this section aims to identify the models that contribute
to an improved ensemble result and the best combination of models that improves the ensemble
\%kill. Such analysis is part of the probabilistic evaluation described in Dennis et al. (2010) and
constitutes one of the four pillars of evaluation defined therein and adopted in the overall AQMEII
activity. In past phases of AQMEII, ensemble analysis was also presented as an integral part of the
model evaluation (Solazzo et al. 2012a, Solazzo et al. 2012b, Galmarini et al. 2013, Kioutsioukis et
al. 2014, Im et al. 2015, Solazzo et al. 2015, Kioutsioukis, et al. 2016, Solazzo et al. 2017, Galmarini
et al.,, 2018). The ensemble mean of the model results has already been }\‘Pbresented in the
operational analysis. However, identifying which and how many models contribute to improved
ensemble results\‘a’é another question to be addressed in\‘efhis context. The analysis uses ozone

p

. N4 . . . .
mean concentration measured at the monitoring sites as reference and techniques based on
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In Table 2 the results from NA are presented. The analysis of the 255 
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